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Abstract: The complexity of environmental problems make necessary the development and application of
new tools capable of processing not only numerical aspects, but also experience from experts and wide public
participation, all which are needed in decision making processes. Environmental Decision Support Systems
(EDSSs) are among the most promising approaches to confront this complexity. The fact that different tools
(artificial intelligence techniques, statistical/numerical methods, geographical information systems, and
environmental ontologies) can be integrated under different architectures confers EDSSs the ability to
confront complex problems, and the capability to support learning and decision making processes. In this
paper we present our experience, obtained over the last ten years, in designing and building two real EDSSs,
one for wastewater plant supervision, and one for the selection of wastewater disposal systems for
communities of less than 2000 inhabitants. The flow diagram followed to build the EDSS is presented for
each of the systems, together with a discussion of the tasks involved in each step (problem analysis, data
collection and knowledge acquisition, model selection, model implementation, and EDSS validation). In
addition, the architecture used is presented, showing how the five levels on which it is based (data gathering,
diagnosis, decision support, plans, and actions) have been implemented. Finally, we present our opinion
about the research issues that need to be addressed in order to improve the ability of EDSSs to cope with
complexity in environmental problems (integration of data and knowledge, improvement of knowledge
acquisition methods, new protocols to share and reuse knowledge, development of benchmarks, involvement
of end-users), thus increasing our understanding of the environment and contributing to the sustainable
development of society.
Keywords: Environmental Decision Support Systems, Artificial Intelligence, Wastewater Treatment
hence plant, animal and human life [Sydow et al.
1998, El-Swaify and Yakowitz, 1998]).

1. INTRODUCTION

Whenever we attempt to tackle these issues, we
are immediately confronted with complexity.
There are at least two important reasons for this:

1.1 Statement of the problem
The increasing rhythm of industrialisation,
urbanisation and population growth that our
planet has faced for the last few hundred years has
forced society to consider whether human beings
are changing the very conditions that are essential
to life on Earth. Environmental pollution affects
negatively the quality of water, air, and soil, and

- Uncertainty, or approximate knowledge. Some
of the sources of this uncertainty can be tamed
with additional data or further investigation. Such
is the case of uncertainty arising from random
processes or from deficiencies in knowledge (lack
of data, unsuitable datasets, etc.). But in other
cases uncertainty is insurmountable. This is the
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can be reached through different schemes, and it
is the responsibility of the designer to choose the
most appropriate configuration.

case for chaotic behaviour, or for selforganisation processes. It is also typical of socioecological systems, which involve numerous
players, each with their own goals.

- The third level would correspond to truly
complex systems, where much epistemological or
ethical uncertainty exists, where uncertainty is not
necessarily associated with a higher number of
elements or relationships within the system, and
where the issues at stake reflect conflicting goals.
It is then crucial to consider the need to account
for a plurality of views or perspectives. In the
case of water issues, an example would be the
problem of water quality in a stream catchment.
Here, a variety of factors (economical, technical,
ecological, etc.) are at play, and associated with
each factor is a different set of goals. Thus,
different kinds of expertise need to be taken into
account. In the case of a industrial process, this
level of complexity is associated, for instance,
with the environmental aspects of sewage
treatments, which are discussed at the level of the
company’s policy. Thus the problem is not the
design of end of pipe installations for the
treatment of specific outputs, but a more global
view on the problem that would contemplate, for
example, the installation of cleaner technologies
in the production process itself.

- Multiplicity of scales. Environmental problems
have been associated traditionally with distinct
spatial scales (i.e., local, national, global), each
associated with specific timescales. However,
interactions among these scales are becoming
increasingly clear. Therefore, advocating a single
perspective that encompasses everything in a
system is becoming increasingly difficult —plus
ineffective.
The consensus is developing that, in order to
account for these caveats, environmental issues
must be considered in terms of complex systems.
But not all environmental systems present the
same level of complexity in terms of both the
degree of uncertainty and the risk associated with
decisions. If the degree of complexity is
represented as a function of uncertainty, on one
hand, and the magnitude or importance of the
decision, on the other hand, then we might
distinguish three levels of complexity [Funtowicz
and Ravetz, 1993, 1999]:
- The first level of complexity would correspond
to simple, low uncertainty systems where the
issue at hand has limited scope. A single
perspective and simple models would suffice to
provide satisfactory descriptions of the system.
With regard to water issues, this level
corresponds, for example, to the evolution of
oxygen in a pristine stream after a pulse input of
assimilable organic matter. In the context of
industrial processes, an example is the design of a
single treatment operation where the input is
perfectly defined. In these cases, the information
arising from analysis may be used for more widereaching purposes beyond the scope of the
particular researcher.

In this sense, it is important to realise that
environmental problems are characterized by
dynamics and interactions that do not allow for an
easy division between social and biogeophysical
phenomena. Much ecological theory has been
developed in systems where humans were absent,
or in systems where humans were considered an
exogenous, simple, and detrimental disturbance.
The intricate ways in which humans interact with
ecological systems have been rarely considered
[Kinzig, 2001]. Embracing a socio-economical
perspective implies accepting that all decisions
related to environmental management are
characterised by multiple, usually conflicting
objectives, and by multiple criteria [Ostrom,
1991]. Thus, in addition to the role of experts, it
becomes increasingly important to consider the
role of wide public participation in the decision
making processes. Experts are consulted by policy
makers, the media, and the public at large to
explain and advise on numerous issues.
Nonetheless, many recent cases have shown,
rather paradoxically, that while expertise is
increasingly sought after, it is also increasingly
contested [Ludwig, 2001].

- The second level would correspond to systems
with enough uncertainty that simple models,
applicable to different situations and manageable
by any competent practitioner, can no longer
provide satisfactory descriptions. Acquired
experience becomes then more and more
important, and the need to involve experts in
problem solving becomes advisable. In the case of
water issues, this level would correspond to a
general model of water quality, where the need
arises to establish which factors are the most
important. In the case of an industrial process, this
level would correspond to the installation of a
wastewater treatment plant, where goals for the
quality of the output are well established but these

In our opinion, this third level cannot be tackled
with the traditional tools of mathematical
modelling. To confront this complexity, a new
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support system, today’s consensus is that EDSSs
must adopt a knowledge-based approach, which
includes the steps of knowledge acquisition,
representation, and management.

paradigm is needed. Adopting it will require that
we deal with new intellectual challenges.
1.2 New tools for a new paradigm

The fact that different tools can be integrated
under different architectures makes EDSSs
difficult to define. It also means that different
approaches to design and implementation coexist.

In the last decades, mathematical/statistical
models, numerical algorithms and computer
simulations have been used as the appropriate
means to gain insight into environmental
management problems and provide useful
information to decision makers. To this end, a
wide set of scientific techniques have been
applied to environmental management problems
for a long time and with good results.

In this context, we present our experience with the
design and implementation of two EDSSs in the
domain of water management. We explicitly
describe their development and the architecture
used for the applications.

But most of these efforts focused on problems
that we could assign to the first level of
complexity. Consequently, many complex
environmental problems have not been effectively
addressed by the scientific community. Recently,
however, the effort to integrate new tools to deal
with more complex systems has led to the
development of the so-called Environmental
Decision Support Systems (EDSSs) [Guariso and
Werthner, 1989], [Rizzoli and Young, 1997].

1.3 EDSS development
Following Haagsma and Johanns [1994] and
Cortés [2001], we define an EDSS as an
intelligent information system that helps reduce
the time in which decisions are made, and
improves the consistency and quality of those
decisions.
Decisions are made when a deviation from an
expected, desired state of a system is observed or
predicted. This implies a problem awareness that
in turn must be based on information, experience
and knowledge about the process. Those systems
are built by integrating several artificial
intelligence methods, geographical information
system components, mathematical or statistical
techniques, and environmental ontologies (figure
1)

EDSSs have generated high expectations as a tool
to tackle problems belonging to the second and
third levels of complexity. Thus in a recent review
of the relevant literature, Cortés et al.
(unpublished results) found more than 600
references (including journal articles, conference
papers, and technical reports) during the 90s, with
only 10 references in 1992 and more than 150
references per year towards the end of the decade.
The range of environmental problems to which
EDSSs have been applied is wide and varied, with
water management at the top (25% of references),
followed by aspects of risk assessment (11.5%)
and forest management (11.0%). Equally varied
are the tasks to which EDSSs have been applied,
ranging from monitoring and data storage to
prediction, decision analysis, control planning,
remediation, management, and communication
with society. It is not surprising then that three of
the top ten most downloaded articles published in
Environmental Modelling and Software in
January-December 2001 deal with EDSSs.

ARTIFICIAL INTELLIGENCE
TECHNIQUES

STATISTICAL / NUMERICAL
METHODS

ENVIRONMENTAL DECISION
SUPPORT SYSTEMS

GEOGRAPHICAL
INFORMATION SYSTEMS

This review, together with the work of other
authors, also revealed that there is a wide range of
opinions about what constitutes an environmental
decision support system. The fact that this
approach is relatively recent and integrates
multiple tools means that there is not a single,
consensual definition of EDSS. However, even
though one may argue that a database
management system could be used as a decision

ENVIRONMENTAL
ONTOLOGIES

Figure 1. EDSS conceptual components
How a particular EDSS is constructed will vary
depending on the type of environmental problem
and the type of information and knowledge that
can be acquired. With these constraints in mind,
and after an analysis of the available information,
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-

a set of tools can be selected. This applies not
only to numerical models, but also to artificial
intelligence (AI) methodologies, such as
knowledge management tools. The use of AI tools
and models provides direct access to expertise,
and their flexibility makes them capable of
supporting learning and decision making
processes. Their integration with numerical and/or
statistical models in a single system provides
higher accuracy, reliability and utility [Cortés,
2000].

-

This confers EDSSs the ability to confront
complex problems, in which the experience of
experts provide valuable help for finding a
solution to the problem. It also provides ways to
accelerate identification of the problem and to
focus the attention of decision-makers on its
evaluation. Once implemented, an EDSS, like
any knowledge based system, has to be evaluated
for what it knows, for how it uses what it knows,
for how fast it can learn something new, and, last
but not least, for its overall performance. Figure 2
shows schematically the methodology used in the
two study cases presented here.

KNOWLEDGE ACQUISITION

DATA ANALYSIS
STATISTICAL ANALYSIS

COGNITIVE ANALYSIS
DATA MINING

MACHINE LEARNING

USER

/

ENVIRONMENTAL DECISION SUPPORT SYSTEM

EXPLANATION / ALTERNATIVES EVAL.
SUPERVISION / PREDICTION / PLANNING
REASONING / MODELS INTEGRATION
STATISTICAL
MODELS

NUMERICAL
MODELS

CONTROL &
SUPERVISION

AI
MODELS

TEMPORAL
DATABASE

Filtering and Validation methods

Spatial/
Geographical
data

Biological / Chemical
/ Physical Analysis
and Observations
Off-line
data

Figure 2 Flow diagram for development of an
EDSS

DECISION / ACTION
STRATEGIES

ACTIONS

Feedback

ENVIRONMENTAL /
HEALTH
REGULATIONS

USER INTERFACE

GIS
(SPATIAL DATA)

COMPUTER SCIENTISTS

MODELS IMPLEMENTATION and INTEGRATION

/

AI / STATISTICAL / NUMERICAL MODELS SELECTION
rule-based / case-based / model-based / qualitative /
connexionist / evolutionary reasoning /
constraint satisfaction / planning / belief networks /
neural networks / genetic algorithms / simulation models
/ linear models / stochastic models
/ control algorithms / optimisation models

DIAGNOSIS

rellevant
knowledge

DATA GATHERING

suggested
models

AI SCIENTISTS

rellevant
data

ECONOMICAL
COSTS

PLANS

DECISION SUPPORT

COLLECTING DATA

-

ENVIRONMENTAL SCIENTISTS

ENVIRONMENTAL PROBLEM ANALYSIS

-

The second level includes the reasoning
models that are used to infer the state of
the process so that a reasonable proposal
of actuation can be reached. This is
accomplished with the help of statistical,
numerical and artificial intelligence
models.
The third level establishes a supervisory
task that entails gathering and merging
the conclusions derived from knowledge
based and numerical techniques. This
level also raises the interaction of the
users with the computer system through
an interactive and graphical usermachine interface.
In the fourth level, plans are formulated
and presented to managers as a list of
general actions suggested to solve a
specific problem.
The set of actions to be performed to
solve problems in the domain considered
are in the fifth level. The system
recommends not only the action, or a
sequence of actions (a plan), but a value
that has to be accepted by the decision
maker. This is the last level in the
architecture that closes the loop.

sensors
On-line
data

ENVIRONMENTAL SYSTEM / PROCESS

Figure 3. EDSS Architecture

We propose an EDSS architecture based on five
levels:
- The first level of the EDSS encompasses
the tasks involved in data gathering and
registration into databases. Original raw
data are often defective, requiring a
number of preprocessing procedures
before they can be registered in an
understandable and interpretable way.

2. TWO CASE STUDIES
In this section we present two case studies where
the proposed methodology has been applied. The
two case studies correspond to two different
situations with different forms of complexity.
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deterministic model with clearly understood
properties.
- Uncertainty and imprecision of data or
approximate knowledge and vagueness: these
processes generate a considerable amount of
qualitative information.
- Huge quantity of data/information: the
application of current computer technology to the
control and supervision of these environmental
systems has led to a significant increase in the
amount of data acquired.
- Heterogeneity and scale: because the media in
which environmental processes take place are not
homogeneous and cannot easily be characterised
by measurable parameters, data are often
heterogeneous.

The first case corresponds to the application of an
EDSS to the supervision of a WasteWater
Treatment Plant (WWTP). Here, both quantitative
information (obtained on-line and off-line) and
qualitative information are used, with the
important participation of experts. While
discrepancies among experts may arise, there are
no conflicts of interest. Of the four conceptual
components of the EDSS as stated above, the
geographic component is not relevant in this case,
while the numeric component is the only one
traditionally used for tackling the problem. In the
scheme of complexity and risk, it lies between the
second and third levels.
The second case corresponds to the selection of
wastewater disposal and treatment systems in
Catalonia. It is a planning problem in which the
temporal component has little relevance, since online responses are not needed. The importance of
numeric methods is lower than in the first case,
while the importance of the GIS and expert
experience components increases. Conflicts of
interest among experts may arise, and the
interactions between social and biogeophysical
phenomena become relevant. In the scheme of
complexity, it would lie in the third level.

Due to the complexity of wastewater treatment
process control, even the most advanced
conventional hard control systems have
encountered limitations when dealing with
problem situations that require qualitative
information and heuristic reasoning for their
resolution [Olsson, 1998]. Indeed, to describe
these qualitative phenomena or to evaluate
circumstances that might call for a change in the
control action, some kind of linguistic
representation built on the concepts and methods
of human reasoning, such as intelligent systems,
has been necessary. This is also the reason why
human operators have, until now, constituted the
final step in closed-loop plant control. A deeper
approach is necessary to overcome the limited
capabilities of conventional automatic control
techniques when dealing with abnormal situations
in complex systems, and to provide the level and
quality of control necessary to consistently meet
environmental specifications.

2.1 Wastewater treatment plant supervision
2.1.1. EDSS building
Problem analysis
A typical wastewater treatment plant usually
includes a physical and/or chemical primary
treatment and a biological secondary treatment to
remove organic matter and suspended solids from
wastewater. Like other environmental and
biotechnological processes, WWTPs are complex
systems involving many interactions between
physical, chemical and biological processes, e.g.
chemical and biological reactions, kinetics,
catalysis, transport phenomena, separations, etc.
The successful management of these systems
requires multi-disciplinary approaches and
expertise from different scientific fields. Some of
the special and problematic features of these
processes are:
- Intrinsic instability: most of the chemical and
physical properties as well as the size and species
diversity of the population of microorganisms
involved in environmental processes do not
remain constant over time.
- Many of the facts and principles underlying the
domain cannot be characterized precisely solely
in terms of a mathematical theory or a

For these reasons, the use of EDSSs began to look
promising in terms of solutions to these problems.
A reasonable, distributed proposal outlines the
scope for the integration of AI tools with
numerical and conventional computational
techniques (statistical methods, advanced and
robust
control
algorithms
and
system
identification techniques).
The wastewater treatment plant selected to
develop and apply our proposed Supervisory
System prototype is located in Granollers, in the
Besòs river basin (Catalonia, NE of Spain).
Nowadays, this facility provides preliminary,
primary and secondary treatment to remove the
organic matter, suspended solids and, under some
conditions, nitrogen contained in the raw water of
about 130,000 inhabitant-equivalents.
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Data collection and knowledge acquisition
A variety of methods were used for the
development of a knowledge base for this study.
Conventional knowledge acquisition methods
(literature review, interviews, etc.) were used
first. To overcome the limitations of conventional
methods, these were supplemented with the use of
different automatic knowledge acquisition
methods. These latter methods can be either
supervised (mainly inductive learning techniques,
CN2, C4.5 and k-NN]) or unsupervised
[Rodríguez-Roda et al, 2001]. Figure 4 illustrates
the main sources and methods that were used to
acquire both kinds of knowledge on the
wastewater treatment processes.

data
experience

automatic

DATA BASE
EXPERT

(statistical, data mining and
machine learning techniques)

theory

LITERATURE

SPECIFIC
KNOWLEDGE

KB

interviews

WWTP

review

Model implementation
Among the different possibilities (tables, decision
trees, or knowledge diagrams and frames) for the
representation of the elicited knowledge, decision
trees were selected as the most suitable
representation [Sànchez-Marrè et al, 1996]. All
the symptoms, facts, procedures and relationships
used for problem diagnosis can be cast into a set
of decision trees. The translation of the
knowledge contained in a branch of decision trees
into a production rule is direct. The resulting
trees,
which
avoid
contradictions
and
redundancies, comprised in our case diagnosis,
cause identification, and action strategies for a
wide range of problems in WWTP operation.
Logic trees serve as a record of the expert’s stepby-step information processing and decisionmaking activity. Some branches are specific and
contain peculiarities of the plant, while others are
more general and can be applied to any plant.

GENERAL
KNOWLEDGE

CBSs require a library of cases to broadly cover
the set of potential problems. These cases are
indexed in memory so as to be retrievable
whenever the experiences they encapsulate can
contribute to achieving the goals of the process.
Both successes and failures must be included in
the case library. It is advisable to initialise the
library with a set of common situations (or cases)
obtained from technical books or provided by
experts on the process. Thus the CBS will be from
the very start ready to propose solutions to
problems that are similar to those considered in
the initial "seed".

Figure 4 Methods used to acquire knowledge
Model selection
Two types of models were selected: rule-based
models (expert system) and case-based models.
Expert systems offer a number of advantages that
overcome some of the limitations of other
techniques: they facilitate the inclusion and
retention of heuristic knowledge from experts and
allow the processing of qualitative information;
knowledge is represented in an easily
understandable form (rules); a well-validated ES
offers potentially optimal answers because action
plans are systematised for each problematic
situation; and, finally, expert systems make
possible the acquisition of a large general
knowledge base, with flexible use for any
WWTP.

The initial seed at Granollers included 74 real
cases from the historical database, which covered
a broad range of situations covering the main
problems in the process as well as normal
situations. The library is updated with new cases
as the knowledge about the process progresses; so
the CBS evolves into a better reasoner and system
accuracy benefits from these new acquisitions.
However, because large amounts of information
can overcrowd the library, only the most relevant
cases are included.

The proposed Case-Based System (CBS) is based
on the idea that solving a problem for the second
time is usually easier than solving it for the first
time because we remember and repeat the
previous solution or recall our mistakes and try to
avoid them. The basic idea is to adapt solutions
applied in the past to particular problems affecting
process performance and apply them to new
problems that are similar in nature with less effort
than with other methods that start from scratch. A
case is described as a conceptualised piece of
knowledge representing an experience that
teaches a fundamental lesson about how to
achieve the reasoner’s goals.

Validation of the EDSS
Field testing was considered to be the most
effective validity test. The main objective of field
validation was to test the use of the overall EDSS
in situ with real cases. We wanted to test the
system in its real environment and identify needs
for
further
modifications.
The
system
performance was tested in its actual operating
environment, where it worked as a real-time
decision support system for more than 10 months.
During this period of exhaustive validation, the
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EDSS successfully identified 123 different
problem situations and suggested suitable action
strategies. Nowadays, the EDSS is used as a
complementary tool of diagnosis for the everyday
management of the activated sludge process
[Rodríguez-Roda, 2002].

Plans and actions
The EDSS suggests an action plan resulting from
the supervision and prediction tasks, and
integrating the expert recommendations sent by
the ES and the experience retrieved by the CBS,
while it evaluates any possible conflict. The
evaluation of the results of the application of the
action plan to solve the problem in the process
allows the system to close the CBS cycle, to learn
from successful and failed past experiences, and
to upgrade the case-library. These features can be
detected by the EDSS itself (unless a manual
operation is carried out), but it is essential that
confirmation be provided by the plant manager,
who will have the opportunity to change
misleading information or add missing
information. In addition, the EDSS can extend the
knowledge base by acquiring new knowledge
from new sources.

2.1.2 EDSS operation
Data gathering
Data gathering is accomplished through on-line
data acquisition systems (sensors and equipment)
and off-line data acquisition systems (biological,
chemical and physical water and sludge analyses
and other qualitative observations of the process).
Moreover, this level of operation implements data
filtering, validation and management processes on
the temporally evolving (real-time) database
where on-line data, off-line data and data
calculated by the system are stored.
Every time a supervisory cycle is launched, the
main task to be performed is gathering data and
updating current data for the inference process.
According to the manager of the plant, there is a
minimum set of variables — the basic information
— that must be updated in order to make a
reliable diagnosis of the current state of the
process. In the Granollers WWTP, these are the
influent flow rate and the Chemical Oxygen
Demand of the biological influent.

MODEL of the WWTP
(GPS-X)
User validation and
actuation
Head of the plant

Combination of the information. Inference of the situation

Supervision

EXPERT (ES),
EXPERIENTIAL (CBS)
or AUTOMATIC
CONTROL

Adapted diagnosis from the
most similar case retrieved

Data gathering

W
W
T
P

Evaluation

Evaluation

Application

RESULT

Searching

Learning

ACTION
PLAN

Data acquisition
and updating

Diagnosis
Once the information has been collected, it is sent
to the diagnosis module where the knowledgebased systems (ES and CBS) are executed
concurrently without any kind of interaction
between them. Thus the current state of the
process will be diagnosed through a reasoning
task based on both the expert rules and the most
similar cases retrieved. If a problem is detected or
suspected, the diagnosis module will also try to
identify the specific cause. The solution to the
most similar case is modified so as to adapt it to
the new situation.

PROPOSAL of
ACTION PLAN

Prediction

CASE
LIBRARY
Retrieving
(distance)

Expert Diagnosis

Heuristic
rules
REGLES
i ARBRES
Decision
trees
de DECISIÓ

New
Case
BEST
HISTORIC
CASE

Adapting the old solution

Influent

Primary effluent

Biologic effluent

Aeration and global

On-line
data

Flow rate 18911
pH 8.2

Flow rate 18911
pH 8.0

Flow rate 18911
pH 7.2

DO1 0 DO2 1.9
Air flow ?
Recycle 130 %
Wasting rate 510 m3
Vel. ascensional 0.56

Analytical
data

COD 487
BOD 400*
TSS 162
NH4+ 86.5*
TKN 336
Total N 122
PO43-10.3*
COND 5100
TERB 128

COD = 399
BOD = 319
TSS = 86
NH 4+ 87.8
COND 5100
TERB 77

COD 66
BOD 24*
TSS 12
NH4+ 66.1
TKN 87.2
NO2-/NO3- 0.4/0.4
Total N 88
PO43- 6.5*
COND 4900
TERB 11

MLSS 4730
MLVSS 73
V30 262
MLSS-R 4920
V30-R ?

Global data

Qualitative
observations

Microscopic data

CBS

ES
Diagnosis

SRT ?
F:M ratio 0.16
% COD removal 83.5
% COD removal 18
SVI 55.5
Recylce/inflow rate 0.61
% BOD removal 91.4*
% BOD removal 96.8*
% COD removal 86.5
% TSS removal 86
% TSS removal 46.9
% BOD removal 94*
% TSS removal 92.6
Brown Scums at aeration tank = few; White Scums at aeration tank = none; Sludge flocs at clarifier = none; V30-test observations = good
settling; floc appearance = Large and well formed floc; sludge blanket level at the primary and secondary settlers and thickeners = normal
Sludge floating at primary settler = none; Scums floating at primary settler = none
Filamentous bacteria presence = none*; Predominant filamentous bacteria = none*; Zooglea = none*; Nocardia spp. = none*; Type 021N =
none*; Thiotrix spp. = none*; Type 0041 = none*; Microthrix P. = none*; Number of filamentous bacteria = 0*; Protos = common; Aspidisca =
abundant*; Euplotes = none*; vorticella = common*; Epistylis = some*; Opercularia = none*; Predominant protozooa= aspidisca*;
Biodiversity (number of dif. species) = 5*; flagellates > 20 µm = few*; flagellates < 20 µm = some*; Amoebae = none*; Tecamoebae =
none*; Rotiferi = none*

Figure 5. Supervisory cycle
2.2. Selection of wastewater disposal systems
for communities of less than 2000 inhabitants.
2.2.1 EDSS building
Problem analysis.
Wastewater Treatment Plants (WWTPs), and
especially biological plants based on several
variants of the activated sludge process with free
biomass, are currently the predominant system for
urban sewage disposal in Catalonia. In accordance
with the goals established in the First Urban
Sewage Treatment Programme (PSARU I),
WWTPs have been built to serve every town in
Catalonia with more that 2000 inhabitants. In
communities with less than 2000 inhabitants,
however, the situation is different. Few of them

Decision support
The conclusions reached in the diagnosis phase
are sent to the decision support module. This
upper module infers the global situation of the
WWTP. The final result is sent through the
computer interface to the operator, who will
finally decide on the action to be taken (uservalidation and action). The expert can use a
dynamic model implemented to support the
selection process of an action plan by simulating
the possible consequences of applying different
alternatives.
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the receiving environment, and the type of
treatment — will suggest optimal scenarios in
support of the decision-making process that will
have taken into account not just aspects of
technical optimisation, but also environmental,
economic and social factors.

have wastewater treatment systems in place today,
but all should have them by 2005.
While an European Water Directive specifies the
type of treatment to implement in towns with
more than 2000 inhabitant-equivalents, for
smaller communities the Directive only states that
the type of treatment should be appropriate. This
changes significantly the decision process of
selecting the optimal treatment.

Reflecting the will to face the problem in all its
complexity, the Catalan Water Agency (ACA,
“Agència Catalana de l’Aigua”) decided to design
an Environmental Decision Support System. A
consortium formed by four universities
(Universitat de Girona, Universitat Politècnica de
Catalunya, Universitat de Barcelona and
Universitat Autònoma de Barcelona) and the
Spanish Scientific Council (CSIC) was
commissioned to develop a system that would
attempt to reproduce the reasoning process
followed by a group of experts facing the highly
complex situation at stake. The goal of embracing
complexity implied that we should not limit
ourselves to ‘formal’ knowledge, but should
attempt to incorporate ‘non-formal’ knowledge.
The latter derives both from the ‘subjective’
reasoning processes of experts in different
disciplines and from the knowledge accumulated
by persons or social groups sensitive to the
problems and involved in finding solutions to
them. This allowed us to recognize the multiple
views and interests that are involved in the
decision-making process: financial cost, social
and environmental benefits, technical criteria, and
so on.

In this context, ‘appropriate treatment’ is defined
as one that fulfils the quality standards set for the
receiving waters. This suggests new dimensions
of analysis where the landscape and the affected
environment are to be taken into account. Thus, in
order to make sound recommendations based on
the available technologies and the characteristics
of the receiving environment and the landscape, it
becomes necessary to recruit expertise from
diverse disciplines. This change of perspective on
the problem with respect to PSARU I suggests
that we should move towards a paradigm that
allows dealing with complexity.
In view of this complexity, three dimensions of
analysis must be taken into account during the
decision-making process:
(1) The characteristics of the rural community
itself. This is an aspect of evident importance
given the large number of rural communities in
our country (more than 3000) and the variety of
climatic, geomorphologic and population
dynamics conditions that should be taken into
consideration when selecting the best option. It is
also important to consider that, unlike larger
communities,
rural
communities
directly
experience the implementation of the sewage
treatment system, with respect to both perceived
benefits and perceived impacts on their
environment.

An Environmental Decision Support System was
chosen because it integrates expert knowledge
and because it encourages a multidisciplinary
approach — with respect to the affected land and
environment — that incorporates knowledge from
affected persons and social groups. It is then
possible to reach a consensus among disparate
views that approaches an optimal solution.
Furthermore, since an EDSS is a computer
system, it allows the management and analysis of
large volumes of data.

(2) The receiving environment, which should
improve significantly once the Second Urban
Sewage Treatment Plan (PSARU II) is
implemented. Protection of the receiving
environment is of the highest importance, as
endorsed by the recent Directive 2000/60. In
order to improve on the current state, an
assessment of the current ecological quality of the
site is needed.

Collecting data and knowledge acquisition
Three different sources of knowledge were pooled
together to build a knowledge base as
comprehensive as possible. These sources were:
 Knowledge extracted from interviews
with experts in water management and
sewage treatment, as well as experts in
the quality of the receiving environment.

(3) The sewage treatment systems appropriate for
small communities. These differ broadly in terms
of both technology and operation, and need to be
accommodated to each particular situation. Thus
all the advantages, disadvantages, and any factors
that might affect the final decision must be taken
into consideration.



For each particular case, the integration of these
three types of information —the rural community,
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Knowledge drawn from the scientific
and technical literature as well as from
visits to regions where this type of
wastewater disposal programme has
already been implemented.



constraints, installation and operation cost,
etc.

Knowledge derived from the analysis of
historical data for the receiving
environment as well as data on the rural
communities themselves.

Model selection
Among several types of knowledge-based
systems, we chose an Expert System (ES) because
it allowed the best representation of the
knowledge needed to select the optimal sewage
treatment system, with due consideration to the
receiving environment and to the characteristics
of the rural community. We developed two expert
systems. The first one assists in the selection of
the treatment level adequate to fulfil the target
quality standards for the receiving environment.
The second is subsequently used to select the
specific type of treatment.

The first source of knowledge we turned to was a
group of experts in the sewage treatment process.
The knowledge we were seeking was extracted
from a series of interviews or conversations.
Specifically, we set up a series of interviews with
experts in wastewater management and
environmental experts from the administration,
research centres, and engineering consulting
firms. From this series of interviews we gathered
heuristic knowledge specific to Catalonia. This
knowledge, accrued during years of work and
experience in the same field, is essential for the
successful development of the EDSS. This was
supplemented with knowledge derived from
specialized journals and books, and from notes
taken during the filed visits. Finally, the analysis
of historical databases of permanent and
temporary streams as well as of targeted
wastewater treatment plants (where these existed)
formed the third source of knowledge.

Model implementation
Once the knowledge acquisition process was
completed, we proceeded to structure the acquired
knowledge or, in other words, to transform it into
a graphical representation easy to understand and
amend by experts. For instance, the knowledge
base about the receiving environment was
organized and documented in the form of decision
trees as a prior step to developing the expert
system for the selection of wastewater treatment
as a function of the receiving environment.

In order to produce a knowledge base as
comprehensive and accurate as possible, we
organized the knowledge acquired from the three
sources described above into three distinct
knowledge bases:
1.

In addition, building a knowledge base for
treatment alternatives allowed us to construct two
useful matrices. One allows the qualitative
comparison of alternative treatments based on
economic, environmental, technological, and
other criteria. The other matrix associates the
levels of treatment established for the receiving
environments with the optimal treatment system
for each case. These two matrices formed the
basis for a hierarchical discriminant table, which,
after many modifications aimed at removing
redundancies and contradictions, became the core
of the expert system.

A knowledge base for the (quantitative)
assessment of the characteristics and state of
the
receiving
environment.
This
knowledge, acquired through conversations
with experts from ACA, allowed us to
determine the minimum treatment level for
each case consistent with the current state of
the receiving environment.

2. A knowledge base for the identification of
disposal sites for each community. This was
obtained through a survey of municipalities
conducted by an engineering firm. One
caveat of this type of survey is that the
answers given to the questionnaire by
municipal officers may be subjective, and
hence qualitative and vague. It is nonetheless
a valuable tool since it provides information
about the territory and the environment that
can be obtained only from local knowledge.
Moreover, the views of local officers on the
selection of treatment often differ from those
of experts, and should be included in the
decision making process.
3.

The function of this table is to assess the value of
four key variables for the selection of treatment
and propose one or more alternatives for sewage
treatment for each of the communities. In addition
to these four key variables, we organized the
remaining considerations for each type of
treatment as a series of so-called safety rules:
- Discarding rules include criteria for discarding
a particular treatment proposed as an alternative.
- Favouring rules evaluate criteria for favouring
certain treatments.
- Unfavouring rules evaluate criteria that lower
the value of certain treatments in certain
situations.

A knowledge base about the treatment
alternatives, with information about
performance, space requirements, climatic
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pollution vulnerability). The data contained in the
knowledge base are subsequently filtered and
abstracted. Filtering consists of a number of
operations aimed at discarding erroneous, foreign
or missing data. Abstraction transforms
quantitative variables into qualitative variables.

EDSS validation
The execution of a series of experiments with
preliminary real data collected from the receiving
media and small communities enabled us to
validate the accuracy, correctness, consistency,
and usability of the acquired knowledge. When
necessary, the knowledge base was confronted
against experts and the rules were refined,
adjusted, corrected and/or extended.

Diagnosis
The decision support systems activates a set of
rules that evaluates the number of inhabitantequivalents, the level of treatment, the abundance
of water in the environment, and the amount of
land available for treatment facilities. This step
concludes with a shortlist of alternative
treatments. Subsequently, the safety rules for the
treatment alternatives included in the shortlist are
activated. These rules may invoke other rules o
procedures (subroutines of the expert system)
until a final list of possible treatments is obtained.
For each alternative, this list provides an
economic evaluation and indicates whether the
alternative has been discarded, favoured or
unfavoured, and, if so, the reasons why.

Once validated, the EDSS began to be applied to
3482 different small communities comprised in
the Small Communities Wastewater Treatment
Plan of Catalonia, grouped according to river
basins. At the moment of writing, nine of the
twenty river basins of Catalonia have already
been processed and the corresponding 951 small
communities (27%) already have a proposal for
the most suitable treatment. Some of the WWTPs
proposed by the EDSS are already under the
building’s project step.
2.2.2 EDSS operation

Decision support
For each community, the EDSS can provide an
economic evaluation of the cost of construction
and operation of each of the alternatives as a
function of the number of inhabitant-equivalents
to be treated and the type of treatment selected.
For each solved system (whether it is a
community, a set of catchments for a given
community, or a set of neighbouring
communities) a report is produced containing the
following results:
- Characteristics of the community used in the
reasoning process of the DSS
- List of the selected treatment alternatives
marking which have been discarded, favoured or
depreciated.
- Justification for the selected treatments and the
reasons for discarding, favouring or unfavouring
it.

DECISION SUPPORT

Figure 6 offers a schematic representation of how
the EDSS proceeds to provide the optimal
treatment alternative for a particular community
(or for all the communities within a particular
catchment). The steps followed by the EDSS may
be summarized as follows:
USER
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DATA GATHERING

Tract. secundari

Knowledge Base
for the receiving
media

Knowledge Base for
the different
wastewater treatments

Plans and actions
In order to make a final decision on the optimal
treatment alternative for a given community, or
on the optimal wastewater disposal alternative for
a system (e.g., implement separate or combined
treatment systems for a set of communities or
catchments, or connect them to an existing or
planned WWTP), a consensual formula was
developed among experts in wastewater
treatments, experts on the receiving environment,
the administration, and engineering firms. This
formula allows the evaluation of the energetic
and environmental impact (including the
potentially detrimental impact on the receiving
stream) of each treatment system.

Features of the small communities

Figure 6. EDSS operation

Data gathering
The user introduces the code of the system or
catchment for which wastewater treatment
alternatives are required. The EDSS then reads
the database that stores the information about the
place gathered from the municipal survey or from
GIS databases (elevation and groundwater nitrate
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following questions: What is known and with
what degree of certainty? What is not known?
What is the relevance of that knowledge to
decision-makers?

3. DISCUSSION AND CONCLUSIONS
Environmental problems are complex in the
ecological domain, and usually controversial in
the socio-economic domain. The optimal solution
to those problems may be more easily found by
tight cooperation among scientists from several
research fields and decision-makers. EDSSs are
increasingly used as a basis for better decision
making in many real applications. It can be
foreseen that the future of EDSS research will be
focused on the following issues:

Elaborate protocols to facilitate sharing and
reuse of knowledge
Once an EDSS has acquired information about a
complex environmental process, which are the
available ways to share that information with
other systems? If EDSSs are designed to be
cooperative, under which conditions does this
cooperation occur? What happens if cooperation
fails? Who will assess the quality of the
exchanged information? Who will harmonise
indicators and exchange protocols?
Solutions for sharing knowledge in
environmental processes are far from being fully
developed, but one has to consider the great
variety of data, and the strong dependencies of
environmental processes to local constraints, such
as weather conditions, climatic aspects,
geographical positions, environmental or health
law regulations, etc. If specific models are to be
developed for environmental problems, greater
generality, precision (when possible) and realism
will be required.

Integration of several sources of data and
knowledge.
Integration of various sources of knowledge,
intelligent techniques and numerical tools is the
key step to develop successful EDSS for
environmental problems. Intelligent decisionmaking requires, either implicitly or explicitly, a
model of the world that embodies both prior
knowledge and measured data.
At the level of data and background-information,
numerous and often incompatible bits of
information from disparate sources have to be
brought together. At the level of tools, there are
several levels of integration, ranging from simple
file transfer between different methods and
programs to fully integrated systems. Typical
examples of different methods that lend
themselves to integration include geographical
information systems and models as well as expert
systems, models and databases, algorithmic
models and expert systems, simulation and
optimisation models.

Involvement of end-users in EDSS development
In general, the role of the user in EDSS
development is still poorly defined. These
systems are developed to support users’ decisionmaking activities in highly complex problems.
The following questions are still to be answered:
to what extent can an EDSS be modified directly
by any user? Who should decide that an EDSS
has to start a learning process? Who has to
validate the results of such process? Why should
an EDSS start a learning process? Who is legally
responsible for the decisions made by an EDSS?
We propose, as a first approach, the creation of
user profiles with different privileges and
responsibilities in the interaction with the EDSS.
This will lead to the definition of different levels
of interaction between the user and the EDSS.
On the other hand, users must be involved in the
whole process of EDSS design and development
to ensure the usability of the final system. The
degree to which users become involved in EDSS
development will determine their level of
confidence in the final system. In the worst case,
the system might remain unused.

Improvement of knowledge acquisition methods.
EDSSs use different knowledge sources and this
usually implies different ways to represent,
extract and combine information. The nature of
the problems that EDSSs try to solve makes the
knowledge acquisition step a crucial one. For
most of the problems, there exist huge quantities
of data about the process itself, but the
information about the causal or dependence
relations among variables is not well known.
A possible solution to integrate and share
information about knowledge structures is to
build and use ontologies. This task is only starting
to be generally recognised as a key issue in
environmental fields. Therefore, this is the
appropriate moment to define the relevant entities.
Ontologies could be used to assess and evaluate
the knowledge about a certain topic or situation
with the goal of informing decision-makers.
Ontologies can give answers to some of the

Development of benchmarks for the validation of
EDSS
In our opinion, one of the most promising
research lines in EDSS development is the
definition of benchmarks to assess and evaluate
the performance of EDSSs in a set of well-defined
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circumstances, and their capacity to react to new
situations. This will also allow the creation of a
better framework for comparison between EDSSs.
We are aware of no attempt to do this. This
validation of an EDSS in the appropriate context,
may simplify the tuning tasks and help to enhance
the system’s performance.
Final conclusion
Environmental issues belong to a set of critical
domains where wrong management decisions may
have disastrous social, economic and ecological
consequences. Decision-making performed by
EDSSs should be collaborative, not adversarial,
and decision makers must inform and involve
those who must live with the decisions. What an
EDSS contributes is not only an efficient
mechanism to find an optimal or sub-optimal
solution, given any set of whimsical preferences,
but also a mechanism to make the entire process
more open and transparent. In this context, EDSSs
can play a key role in the interaction of humans
and ecosystems, as they are tools designed to cope
with the multidisciplinary nature and high
complexity of environmental problems.
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